Green synthesis of calix [4] resorcinarene hosts with p-substituted phenyl group at their methine carbons was achieved. Fluorine, chlorine and bromine atoms, as well as methoxy group, were selected as substituents at the para position of the benzaldehyde which was 
Introduction
Non-covalent intermolecular interactions of multicomponent crystalline compounds are of great interest to chemists due to their wide-range uses and application areas such as energy storage, drug delivery and separation technology. [1] Calix [4] resorcinarenes represent a class of macrocyclic molecules used as potential lattice hosts for different guests. [2] In crystal engineering and supramolecular chemistry, understanding the intermolecular interactions between molecules is very important and crucial to understanding many biological processes. [3] [4] [5] [6] [7] [8] [9] [10] [11] Through this understanding, chemists hope to predict both the industrial applications and the properties of any given crystalline solid material. Research work on different calix [4] resorcinarenes and proposing new efficient and green methods for their preparation is worldwide conducted. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Design and preparation of different types of lattice host molecules and investigating their ability to form different forms of crystalline materials with different potential applications are, therefore, of our main interest. [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Compounds 6-9 were reported in literature to be prepared in alcoholic acid catalyzed solutions as a mixture of two conformers; chair and boat were formed. [13, [15] [16] [17] [18] [19] [20] In this work, the selective solvent-free formation of one isomeric product and the bioactivity of C-(p-substituted phenyl)calix [4] resorcinarenes hosts 6-9 (Scheme 1) is reported. In addition, the new 6·(DMSO) 8 and 8·(DMSO) 8 lattice inclusion complexes were prepared and their crystal structures were determined using X-ray crystallography. The intermolecular interactions were carefully discussed and presented in terms of supramolecular chemistry. Scheme 1: Synthetic route for C-(p-substitutedphenyl)calix [4] resorcinarene 6-9.
[36]
Experimental

Materials and physical measurements
All solvents were purchased as analytical reagent grade. Melting points were measured on a Stuart scientific melting point apparatus in open capillary tubes. The infrared spectra were recorded over the range of 4000-500 cm -1 on a Maltson 5000 FTIR spectrometer. C-NMR measurements were conducted on a Bruker 500 MHz. Chemical shifts were referenced to TMS as the internal standard and deuterated dimethylsulfoxide (DMSO-d 6 ) as the solvent. In all of the compounds reported, the internal aromatic proton in the cavity could not be observed by NMR in the indicated solvent; this might be attributed to ring current effects. Similar findings were observed in our previous related work. [38] X-ray single crystal structure determination was accomplished using a Bruker SMART APEX-1000 diffractometer.
General procedure for the synthesis of compounds 6-9
A solvent-free procedure was applied to synthesize compounds 6-9 in very good yields. [36] Equimolar amounts of resorcinol (1 mol) and p-substituted benzaldehyde (1 mol) 1-4 were ground in the presence of solid p-toluenesulfonic acid (0.05 mol) as a catalyst using a mortar and pestle. The reactants melted on grinding but thereafter the contents solidified. The reaction mixture was ground again, washed with water, filtered and dried to give compounds 6-9 in excellent yields (90-95 %). The products obtained were identical with those obtained through reactions in acidic solutions. [13, [15] [16] [17] [18] [19] [20] Preparation of C-(4-chlorophenyl)calix [4] 
Solution and refinement of the crystal structures
Reflection data were measured at 223(2) K on a Bruker SMART APEX-1000 diffractometer equipped with a CCD detector and Mo-Kα sealed tube. SMART was used for collecting frame data, indexing reflection, determination of lattice parameters, integration of intensity of reflections and scaling. SADABS was used for absorption correction and SHELXTL for space group, structure determination, and least-square refinements on F 2 . [39] [40] [41] All non-hydrogen atoms were assigned anisotropic displacement parameters in the refinement. All hydrogen atoms were added at calculated positions and refined using a riding model.
Supplementary data
Crystallographic data for the structural analysis reported in this paper have been 
In vitro antibacterial activity
Inhibition zones caused by four different concentrations (0.1, 0.25, 0.5, 1 mg/disk) of compounds 6-9 were measured in agar diffusion test. 1 mg/ml of test compounds and 100 μg/ml of positive control (chloramphenicol) were used in serial dilution assay as starting concentration to deduce the minimum inhibitory concentration (MIC) values. [42] The test microorganisms used in this study were Bacillus subtilis
Enterobacter aerogenes (ATCC 13048), and Micrococcus luteus (ATCC 10240).
Results and Discussion
Infrared measurements and NMR spectra
The important bands of the prepared calix [4] resorcinarenes were assigned by comparing them with those reported previously. [43] [44] [45] [46] [47] [48] [49] [50] The IR spectra of compounds 6-9
show a stretching aliphatic C-H absorption band in the range of 2891-2930 cm by NMR in the indicated solvent; this might be due to ring current effects. Similar findings were observed in our previous related work. [38] The 
Crystal structure of 6·(DMSO) 8 lattice inclusion complex
It was reported that calix [4] resorcinarene forms two different structural conformations, chair (C 2h ) and boat (C 2v ), which are distinguishable by 1 H-NMR spectra. [12] [13] [14] 16] Host 6 crystallized from fresh DMSO formed a new lattice inclusion complex 6·(DMSO) 8 in a triclinic system with P-1 space group. Table 1 illustrates the crystal data and structure refinements of 6·(DMSO) 8 lattice inclusion complex.
Investigation of the solid state structure of 6·(DMSO) 8 Centrosymmetric dimer was adopted by the crystal structure of 6·(DMSO) 8 in which chlorine atom of one host is hydrogen bonded with hydrogen atom of another host molecule with bond distances of 2.67 Å and 2.78 Å as illustrated in figure 3 . The presence of three hetero atoms in the crystal structure of 6·(DMSO) 8 #1 -x+1,-y+1,-z+1 #2 x+1, y, z #3 -x+1,-y+1,-z #4 x-1, y+1, z #5 -x+1,-y+2,-z+1 
Crystal structure of 8.(DMSO) 8 lattice inclusion complex
The X-ray crystal structure of compound 8 was obtained as 8·(DMSO) 8 lattice inclusion complex through the crystallization of host 8 from fresh DMSO. The structure revealed that host 8 adopted the chair conformation (C 2h ). The newly prepared 8·(DMSO) 8 lattice inclusion complex crystallizes in triclinic system with P-1 space group. Similar conformation was recently observed in our group when the formation, supramolecularity and the bioactivity of the ternary lattice inclusion compound (Cphenylcalix [4] resorcinarene)·(DMSO) 8 ·(H 2 O) 3 were examined and investigated; the host molecules adopted the chair conformation with C 2h symmetry. [51] Table 1 illustrates the crystal data and structure refinements of compound (8) . ( #1 -x+1,-y+1,-z+2 #2 x-1, y, z #3 x, y+1, z+1 #4 x, y, z+1
In vitro antibacterial activity
The bioactivity of compounds 6-9 are presented in tables 4 and 5. As shown in these tables, Gram negative bacteria were resistant to the applied compounds that showed only weak to moderate activity against the tested Gram positive ones. In the agar diffusion test, the microorganism were susceptible at concentrations starting from 0.5 mg/disc with the fluorinated calixarene derivative being more effective than the chloro-and bromo as well as the methoxy-derivatives (Table 4) . Despite the concentrations required of the synthesized compounds in the agar diffusion test to affect the growth of tested bacteria, they were effective at MIC-values 2-10 fold lower than that in the agar diffusion assay (Table 5) . Moreover, the brominated derivative was more potent than the other calixarenes with MIC ranging between 15.6-125 μg/mL. The differences in activity in both antimicrobial assays may be attributed to their low solubility in water that renders their diffusion in agar plates. Such observation was noticed previously by Salem et al. [52] and agrees with what stated by Mokhtari and Pourabdollah. [53] They found that hydrophobic calixarenes lack solubility in biological media and thus they are unsuitable for biological evaluation as antimicrobial agents, while para-sulfonato-, phosphonato-or other hydrophilic analogues show bioactivity in different biological systems. Moreover, it was reported that peptide-calixarene exhibited moderate to good activity only against Gram positive bacteria with MIC (4-64 µg/ml), [54] [55] while tetra-para-guanidinoethyl-calix [4] arene showed antibacterial activity with MIC (2-64 mg/ml). [56] Therefore, gaining hydro-solubility leads to access the biological activities and this bioactivity depends on the water-solubility and type of substitution group. In addition, the resistance of Gram negative bacteria to the tested compounds could be due to the low permeability of their outer membrane to the applied calixarene derivatives. 
Conclusions
A slight change in the molecular structure of any given crystalline compound will lead to a great change in the spectral data, bioactivity, supramolecularity and the conformation of the resulting compound. In the current study, compounds 6-9 were prepared as single isomeric product through an eco-friendly solvent-free approach. In addition, compounds 6 and 8 were predicted, and later confirmed, to form lattice inclusion complexes through direct crystallization from fresh DMSO.
The solid-state structure of the newly prepared 6·(DMSO) 8 and 8·(DMSO) 8 lattice inclusion complexes were determined by single crystal X-ray diffraction which revealed that their hosts adopted different structural conformation (boat and chair, respectively). The noncovalent supramolecular interactions involved in the crystal structures of these inclusion compounds have been carefully investigated and were presented in terms of crystal engineering and supramolecular chemistry.
Compounds 6-9 were found to inhibit the growth of Gram positive bacteria with the C-(p-bromophenyl)calix [4] resorcinarene 7 derivative being the most potent agent (MIC) (15.6-125 μg/ml). The potency of calixarene derivatives as antimicrobial agents depends on their water-solubility and the type of substitution group.
